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EXHIBIT A 



tfenosylmethionine-Dependent Methyltransferases. 5 

>1 Abbreviations used are L-S AM, S-adenoayl-L-methionine; 
L-SAM- 14 CH&, 5-adew»yl-i^methioiime'mct/o'^ li C; l^SAH, 
5-adenosyl-L-homocysteine; 8TH, S-tubercidinyl-L- 
homocysteine; 8-aza-S AH, S*a2aajkno8yl-l^homocy8tone; 
iV^-Me-SAH, S-N*-niethymdenoayl-L-homocysteine; 7^- 
Mei-SAH, S-NMiniethyladenosyl-L* homocysteine; L-SAC, 
S-adenosyi-L-cysteine; D-SAH, S-adenosyl-D-homocysteine; 
O-SAH sulfoxide, S-adenosyl-D-homocysteine sulfoxide; 
Jsr«-Ac-D-SAH, S^denosyl-D-N-acetylhonKx^^ine; COMT, 
catechol O-methyitranaf erase (E.C. 2.1.1.6); PNMT, phe- 
nylethanolamine N-methyltranaferase (E.C. 2.1.1.28); HMT, 
histamine tf-methyltransferase (E.C. 2.1.1.8); HIOMT, 
hydroxyindole O-methyltranaferase (E.C. 2,1.1.4); INMT, 
indoleetbylamine N-methyltranaf erase; inhibition 
constant for the slope. 
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Potential Inhibitors of S-Adenosylmethionine-Dependent Methyltransferases. I 
Role of the Asymmetric Sulfonium Pole in the Enzymatic Binding of 
S-Adenosyl-L-methionine 

R, T. Borchardt* 1 and Yih Shiong Wu 

Department of Biochemistry, McCollum Laboratories, University of Kansas, Lawrence, Kansas 66044. 
Received February 9, 1976 

The configuration at the asymmetric sulfonium pole of S-adenosyVi^methionine (SAM) necessary for optima) enzymatic 
binding and methyl donation has been elucidated in this study* For the transmethylations catalyzed by catechol 
O-methyhransferase, phenylethanolamine N-methyltransferase, histamine N-methytteansferase, : and hydroxyindole 
O-methyitransf erase, it was demonstrated that only the natural (-) enantiomer of SAM was active as a methyl donor. 
The corresponding (+)-SAM, which was prepared by enzymatic resolution of synthetic (db^SAM, was shown to be 
inactive as a methyl donor in these enzymatic reactions. The (+)-SAM was found, however, to be a potent inhibitor 
of each of these enzyme-catalyzed transmethylations. These results suggest that the (+) enantiomer offers a 
nonproductive configuration for the methyl-transfer reaction itself, however, this configuration fails to hamper enzymatic 
binding. These results are discussed relative to the geometric requirements necessary for the methyl-transfer reaction 
and the requirements for enzymatic binding. 



For numerous biological transmethylation reactions, the 
aatural methyl donor is 5-adenosyimethionine (SAM). 2 
Many of the structural features of the amino acid, sugar, 
*ad base portions of SAM which are required to produce 
optimal enzymatic binding and maximal rates of methyl 
tansfer have been elucidated in an accompanying paper 
jo this series. 3 The functional group of fundamental 
B&portance in the transmethylation reaction itself is the 
wlfonium pole. Modifications of the sulfonium center of 
*AM have primarily involved the replacement of sulfur 
°y selenium 4 and the replacement of the methyl group by 
«n ethyl**>£ or by an h-propyl 6 group. In addition, earlier 
•udies 7 - 11 have investigated the role of the configuration 
■ the sulfonium pole in these enzyme-catalyzed trans* 
^thylations. Because the absolute configuration of the 
ionium center has not yet been determined, atereo- 
?°fcers are designated (+) and H based on poiarimetry. 
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configuration and, therefore, is referred to as (-)-L-SAM. 
SAM chemically synthesized from' the methylation of 
S-adenosyi-L-homocysteine 7 or by condensation of 5'- 
methylthioadenosine with 2-amino-4-brornobutyric acid 8 
is racemic at the sulfonium pole and is -referred to as 
(±)-L-SAM. SAM with the (+) sulfonium configuration 
((+)-L-SAM] has been prepared by treatment of (±)-L- 
SAM with guanidinoacetate methyltransferase (ELC. 
2.1.1.2), which selectively utilizes only the (-)-L-SAM as 
a substrate. 7 * 1 ? By using these purified stereoisomers of 
SAM [W-l-SAM, (+)-l^SAM, and (±)-L^AMJ, h has been 
demonstrated that most methyltransf erases show a high 
degree of specificity for the (-) sulfonium configuration 
in the methyl-transfer reaction itself; e.g., only the (-j- 
L-SAM was shown to be a substrate for histamine N- 
methyltransferase (HMT), 11 hydroxyindole O-methyl? 
transferase (HIOMT), 11 catechol O-methyltransferase 
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donor The one interesting exception to this high spe- 
cificity pattern is homocysteine 5-me^ltransfeTase, which 
is capable of utilizing both the (-)-l-SAM and (+)-L-SAM 
as substrates. 9 * 11 " . 

Because our laboratory was investkatmg analogues of 
^adenoeyl-L-homocysteine (i^SAH)"-" and SAM 8 as 
inhibitors of SAM-dependent methyltranaferases, we 
became interested in determining why (+)-L-SAM was not 
a substrate for these methyltransferases. Did the (+) 
configuration at the sulf onium center of SAM adversely 
affect enzymatic binding or was the geometry offered by 
this configuration undesirable for methyl transfer to the 
acceptor substrate? If the geometry offered by the (+) 
configuration was nonproductive for methyl transfer, but 
did not adversely affect enzymatic binding, this would offer 
a simple way to modify SAM, converting it from a bio- 
logical methyl donor to an inhibitor of methyltransferases, 
This possibility has been explored using the trans- 
methylations catalyzed by COMT, HMT, HIOMT, and 
phenylethanolarnine N-methyltransferase (PNMT) and 
the results are reported in this paper. 



Experimental Section 

The general experimental techniques and equipment used in 
this study were described in a preceding paper in this series.* 
The following compounds are commercially available from the 
indicated sources: 3,4-dihydroxybenzoate (Aldrich); dl-0- 
phenylethanolamine, histamine dihydrochloride, N-acetyl- 
serotonin, (-)-SAM iodide (Sigma); (-)-S-adeno6yl-L-methio- 
nine-metM-^C (SAM- 14 CHa, 55.0 mCi/mmol), (-)-S-adeno- 
B yi-i^methionine-car6oxyM«C (SAM-HCO2H, 54 mCi/mmol) 
(New England Nuclear); l4 CH a I (55.0 mCi/mmol) (Amere- 
ham/Searle). S-Adenosyl-i^homocysteine (i^SAH) was syn- 
thesized according to a previously described procedure. 

<±)iS Adenosyl-i^methionine [(i)-uSAMJ. The (±)-L-SAM 
was prepared using a modification 3 of the procedure first described 
by Jamieson. 19 I^SAH (50 mg, 0.13 mmol) was dissolved in formic 
acid (2 ml) to which was added an excess of methyl iodide (1.0 
m\). The reaction mixture was kept stoppered in the dark for 
5 days after which ice-cold water (ca. 5 ml) was added and the 
unreacted methyl iodide extracted with cold EtaO. The aqueous 
layer was lyophilized and the residue dissolved in pH 7.0, 0.01 
M phosphate buffer. The buffer solution was applied to a column 
(2x8 cm) of Amberlite IRC- 50 ion-exchange resin previously 
equilibrated with 0.01 M phosphate buffer, pH 7,0. After eluting 
the unreacted SAH with 100 ml of 0.01 M phosphate buffer; pH 
7,0, and 60 ml of 0.25 N HO Ac, the (=b)-S AM was eluted with 50 
ml of 4 N acetic acid. The eluate was lyophilized to yield 
(±H-SAM hi 80% yield. The (±)-L-SAM was shown to be 
homogeneous and indistinguishable from commercially available 
W-L-SAM in four thin-layer chromatography systems. Degra- 
dation experiments similar to those described earlier by Zappia 
etel 20 further confirmed the SAM structure. These experiments 
included hydrolysis of (±)-l-SAM using 0.1 N NaOH at 100° for 
10 min resulting in the formation of adenine and methionine which 
could be identified by TLC. 

(±)-S-Adenosyl-L-methionine-methyM*C [<±)-i^SAM- 
,4 CHa]. The (±)-L-SAM- l4 CH3 was prepared using a procedure 
similar to that described above for the unlabeled (±)-i^SAM. 
LrSAH (5.0 mg, 0.013 mmol) was dissolved in a mixture of HCOOH 
(0.5 ml) and glacial HO Ac (Q.05 ml) which contained 100 >iCi of 
14 CH3l (specific activity 0.5 mCi/mmol). The reaction mixture 
was allowed to stand in the dark for 5 days after which time the 
desired (±)-L-SAM- l4 CHs was isolated as described above for the 
unlabeled (±)-L-SAM. The specific activity of the isolated 
<±)-L-SAM- 14 CH3 varied slightly from batch to batch but gen- 
erally was approximately 0.4 mCi/mmol (1000 dpm/nmol). The 
(±)-iy-SAM- 14 CH 3 was characterized by its thin-layer chroma- 
tographic properties and degradation experimental 10 

(+>^Ad>nosyl-^methlonine [(+)-L-SAMJ. The(±)-L-SAM 
was enzymatically resolved to yield pure (+)-L-SAM by taking 
advantage of the substrate specificity of COMT. This enzyme 
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(±)-L-SAM reported here is similar to that described^ 
Jamieson, 19 except for the use of COMT instead of if 
acetate methyltransf erase. 

A reaction mixture containing potassium phosphate 
7.60, 1500 Mmol), 3,4-dihydroxybenzoate (30 jimol); 
chloride (18.15 /imol), ditbiothreltol (60 Mmol), r 
Mmol), (-H^SAM- l4 C02H (0.25 jiCi; specific actlvft 
mmol), 12 ml of a COMT preparation (specific activity* 
of product/ mg of protem/min; protein concentration 1 
and water to a total volume of 24.3 ml was incubated f 
at 37 v . The reaction mixture was then immediate 
through a Mfllipore filter (HAMK, 25 mm, pore size U . 
The filtrate was concentrated by lyophilization and tow 
dissolved in 2 ml of 0.01 M phosphate buffer, pHMjr* 
phosphate buffer solution was applied to a column (1? 
of Amberlite IRC-60 ion-exchange resin previously 
with 0.01 M phosphate buffer, pH 7.0. The ei 
hydroxybenzoate, the methylated products, and 
Lrhomocysteine-caT6oxy(- M C (l^SAH- l4 COzH) were< 
100 ml of 0.01 M phosphate buffer, pH 7.0. An int 
fraction was eluted with 50 ml of 0.25 N HOAc TfceTc 
(+)-b-SAM was then eluted with about 50 ml of 4 N HO/ 
the resulting eluate was lyophilized. The residue waadf 
in 1 ml of water and the concentration of (+)~L-SAM defi 
by the uvabsorbance. The yield of pure (+)-L-SAM was f 
Z6-3.5 joriol (45-62%). The resolved <+)-i^SAM wasaL-. 
be homogenous and chromatographicalry mdUstinguishaDjj 
(±)-L-SAM or (-)-L-SAM in four thin-layer chromatofc 
systems as well as paper chromatography. Degradation i 
imenta similar to those described earlier by Zappia et aL 2 **. $ 
confirmed the SAM structure of the isolated product*^ 

The resolved (+)-L-SAM was not contaminated ~ 
significant amount of L-SAH, since no L-SAH was oh — 
TLC or paper chromatography. By including R-L-SAM-JS 
in the incubation mixture, we were able to label thai pi 
B-l-SAM and also label the pool of SAH (l^AH-^OaHJ| 
during the reaction. This has provided a sensitive meJL 
determine the extent of the reaction [I.e., all of the X^tk 
was consumed] and that the isolated (+)-L-SAM wasjw 
taminated with L-SAH. In the samples of purified (jf> 
only trace amounts of radioactivity were detected indi 
at least 98% of the H-l-SAM was consumed and thatt 
were free of b-SAH. 

Enzyme Isolation and Assay Techniques. Tha^e 
used in this study were purified from the following sou 
cording to previously described procedures: COMT, 1 *^ 
(male, Sprague-Dawley, 180-200 g);"PNMT, l2 « 22 bovj&jj 
medulla (Pel-Freez Biologicals); HMT, 12 * 28 gumee^mj 
(Pel-Preex Biologicals); and HIOMT, 12 ' 24 bovine pineal 
(Pel-Freez Bk>lo^cal8). COMT, PNMT, HMT, and HI01 
assayed using radiochemical techniques measuring lhaj. 
of methyl- l4 C from (-)-^SAM- l4 CH 3 to the appropriaJt^ 
molecules as described in the preceding papers in this &xH} 
For each of the enzyme reactions studied the extent o@ 
transfer from (-)-L-SAM- l *CH 3 or (±)-i^AM- 14 Crglj 
appropriate acceptor molecules was determined. Thisjg 
compUshed by prolonged incubation of the appropriating 
the acceptor substrate (250 nmol), and (-)-L-SAM-£fCH 
nmol, 0.05 fid) lor (±)-L-SAM- M CH3 (12-5 nmol, OXX^g 
monitoring the l *C-labeled product formed by simple e2b 
of the product and counting for radioactivity." Inadgg 
l4 C-labeled products were separated on paper chrc^aatS 
to confirm the efficiency of the extraction procedures^ 
above and the identity of the products (Figure 2).^*^ 
Enzyme Kinetics. The (+)-L-SAM prepared in thtfSto 
tested as an inhibitor of transmethylations catalyzed hij 
PNMT, HMT, and HIOMT from (-H-SAM- l KJH*|| 
propriate acceptor molecules. The procedures used tone 
the inhibition constants (K«,) are identical with those ,d{ 
earlier in our studies of SAH analogue. 12 -" Procesafcj 
kinetic data was achieved as previously described. 1 ^ >— 

Results and Discussion . 
Preparation of (±)-J>SAM and (+)-i^A3H 
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cfeure l. Percent methyl transfer from (-^L-SAM- 1 CH, 
S(t)^AM- ,4 CH, to 3.4-dihydroxyacetophenone by 
COMT. Incubation mixtures were prepared containing 
« 4-dihydroxyacetophenone (0,50 fimol), Mg* (0.30 
ioiv dlthiothreitol (1-0 ^mol), COMT preparation (250 
Sphosphate buffer, pH 7 .60, (25 mnol), and (->L-SAM- 
?CH3 (oSs MCi, 0.025 Mmd) [or <± )-L-SAM-»CH, (0.005 
-CS 0 025 Mmoi)] a total volume of 0.26 ml. Incuba- 
2an» were carried out for the indicated times at 37° after 
which the reactions were stopped with 0.10 ml of 1 N 
HC1 ' The assay mixtures were extracted with 10 ml of 
toluene-isoamyl alcohol (7:3), and after centrif ugation a 
frml aliquot of the organic phase was measured for radio- 
activity. The results were corrected using the appropriate 
Wanks. Percent conversion of methyl- l4 CH, was calcu- 
ated baaed on the total labeled methyl donor available. 
Points represent averages of duplicate determinations. 

method for preparing (±)-l>SAM was a modification of the 
procedure first described by Jamieson. 19 These chemically 
synthesized samples of SAM were racemic at the sulfonium 
center and the structures were confirmed by comparison 
with enzymatically prepared (-)-L-SAM with respect to 
their chromatographic properties, their NMR and uv 
spectral properties, and by comparison of the products 
obtained after hydrolysis under basic conditions. 20 

The (+)-l-SAM was prepared by a process of enzymatic 
resolution, where the strict substrate specificity of COMT 
was utilized. Shown in Figure 1 is a comparison of the 
ability of COMT to use (-)-l-SAM or (±)-L-SAM as methyl 
donors. When this transmethylation reaction was carried 
out using (-)-L-SAM- l4 CH3 as a substrate, complete 
transfer of the methyl- 14 C from H-L-SAM to the product 
was observed. However, if (±)-l-SAM- u CH3 was used as 
a substrate, no more than 50% conversion of the meth- 
yl- 1 ^ to the product was detected. These results are 
consistent with the earlier observations 7 that methyl* 
transferases, in general, utilize only one of two possible. 
Vomers at the sulfonium center. The interpretation of the 
data for (±)-L-SAM shown in Figure 1 would be that 
COMT also preferentially utilizes one sulfonium isomer 
t> a methyl donor. This is consistent with data previously 
wported by De La Haha et al 7 

To further substantiate these findings, incuhation 
mixtures containing COMT similar to those described in 
figure I were prepared using either (->-L-SAM- l4 CH3 or 
l*)-L-SAM- 14 CH3 as substrates and the products char- 
acterized by paper chromatography. Prior to incubation, 
•amples were removed and chromatographed on paper to 
determine the identity of the radioactive material With 
w£ the (-)-L-SAM- M CH 3 and (±)-L-SAM- 14 CH 3 incu- 
ottion mixtures, the radioactivity had the same Rf values 
* SAM (Figure 2). These reaction mixtures were then 
*cubated at 37° for 180 min after which time another 
'■Per chroma to aram was run and the results are also 
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Figure 2. Chromatographic identification of labeled 
products from the incubation mixtures containing COMT 
and (-)-L-SAM- ,4 CH s [or (± )-L-S AM- 1 4 CH a l Incubation 
mixtures were prepared in a manner identical with that 
described in Figure 1. Paper chromatography system : 1- 
butanol-acetac acid-H a O (12:3:5). The center panel 
shows the respective chromatographic patterns for L-SAM, 
L-SAH, methylated DHA, and methionine. (A) Results 
using (- ^Ii-SAM-^CH, as a methyl donor: o-o, aliquot 
(0.1 ml) removed at 0 time prior to. incubation and chro- 
matographed; o-o» aliquot (0.1 ml) removed after incuba- 
tion at 37* for 180 min and chromatographed. (B) 
Results using (± >U-SAM- ,4 CH» as a methyl donor: o-o,. 
aliquot (0.1 ml) removed at 0 time prior to incubation and 
chromatographed; o-o, aliquot removed after incubation 
at 37* for 180 min and then chromatographed. 

shown in Figure 2. As can be seen, when (->-L-SAM- 14 CH3 
was the substrate, all of the radioactivity chromatographed 
with the methylated products- However, when (±)-Lr 
SAM- 14 CHs was the substrate, about 60% of the radio- 
activity chromatographed with the methylated products 
and the other 50% with SAM. Further evidence that the 
radioactivity which chromatographed with SAM was in- 
deed mirea^ (+)-L-SAM- l4 CH3 was obtained by treating 
an aliquot of this incubation mixture with 0.1 N NaOH 
at 100° for 10 min and the resulting solution chromato- 
graphed on paper (under these conditions sulfonium 
nucleosides such as L-SAM hydrolyze to methionine and 
adenine 20 ). After hydrolysis of this suspected sample of 
(+)-L4JAM- l4 CH$, the radioactivity chromatographed with 
^methionine, consistent with the structural assignment. 

All of the data described above are compatible with the 
idea that COMT preferentially utilizes only one isomer of 
(±)-L-SAM. Taking advantage of this substrate specificity, 
we have used the COMT-catalyzed reaction to prepare 
large quantities of the (+H-SAM in order-to study its 
inhibitory properties. In these large-scale incubation 
mixtures, we routinely incorporated a small quantity of 
H-L-SAM- l4 C02H, which provided us with a simple way 
of labeling the pool of (-Vl-SAM. In this way we could 
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Table L. Inhibition Constants for (+)-ii-SAM and u-SAH 
ggdgQM^ PNMT, HMT, and HK>MT» 



I nhlbn constants, i&L, b K u * SEM 



COM** 
HIOMT 



28.83 ± 3.65 
32.16 '± 13.0 
7.35 ± ±20 
28.98 ± 5.4 



36.3 ± 2.20 
: 29.0 * 2.84 
18.6 ± 2.19 
18.5 ± 1-9 



' « COB*r t PNMT, HMT, and HIOMT were purified and 
assayed ai described in the ^perimentol Section. (->L- 
ram concentratlona, 3.8-53.0 iiM. 6 Bach inhibitor 
^^^^om^etitlve kinetic and ^e ^ib Won con- 
were calculated as previoudy described. 11 -" * Date 
taken from ret 12. 




determine that (1) the reaction was completed e^aU of 
the H-U-SAM was consumed, and (2) the isolated (+)- 
I^SAM was not contaminated with L-SAR In the purified 
(+)-L-SAM used in our inhibitory studies, only trace 
amounts of radioactivity were detectable. These trace 
levels of radioactivity appear to be attributable to un- 
reacted (-HrSAM which amounted to no more than 1-2 % 
of the (+)-l«SAM present in the sample. _™ 
Methyl Transfer from (±)-L-SAM Using PNMT, 
HMT. and HIOMT. We have obtained results for 
PNMT, HMT, and HIOMT similar to those shown in 
Figures! and 2 for COMT indicating these enzymes also 
preferentially utilize H-i^SAM as a methyl donor. With 
each of these enzymes no greater than 50% conversion of 
the labeled methyl group of (i)^SAM- 14 CH^to the 
appropriate acceptor molecule could be detected. This was 
further confirmed by extensively incubating purified 
samples of (+)-L-SAM« 14 CH3 with these enzymes in an 
affort to detect any possible methyl donor properties. 
However, using \(-)-L-SAM-MCHa as a methyl donor, 
complete transfer (100%) of the labeled methyl group to 
the acceptor molecule was observed with each of the 
enzymes tested. Results similar to these had been reported 
earuerfor HMT and HIOMT. 6 
Inhibitory Activity of (+)-L-SAM. Having available 
Sufficient quantities of (+)-u-SAM, we were interestedin 
determining whether this isomer was inactive as a methyl 
doncwf because it failed to bind to the enzymes or because 
it bound with an orientation of the methyl group that did 
" c not permit transfer to the acceptor substrate. Therefore, 
V \ite&nW properties of (+H^SAM were studied using 
■■'< the COMT, PNMT, HMT, and HIOMT catalyzed reac- 
. tions from (-)-i^SAM- l4 CH3 to the appropriate acceptor 
nolecules- Preliminary experiments showed that W-L- 
B AM had potent inhibitory effects on these .enzymatic 
transmethylations. TJaing reciprocal velocity vs. reciprocal 
[-)-L-SAM plots, the kinetic patterns for inhibition of 
GOMT, PNMT, HMT, and HIOMT by (+)-L-SAM were 
determined and the resulting iiihibition constants are listed 
in Table L In all cases linear competitive patterns of 
inhibition were observed when (-)-l£ AM was the variable 
substrate. For example, in Figure 3 is shown the kinetic 
pattern for inhibition of PNMT by (+)-i^5AM. The linear 
competitive kinetic patterns suggest that the binding sites 
I for (+)-I^SAM are identical with the (-)-vSAM binding 
I sites. For comparison, the inhibition constants (Kb) for 
[ LrSAH are also provided in Table L It is extremely in- 
teresting to note that (+)-L-SAM shows inhibitory ac- 
tivities toward these four enzymes comparable to L-SAH- 
Therefore, from these results it is apparent that the lack 
1 of methyl donor compatibility of (+)-l-SAM resides in the 
misarientation of the methyl group at the sulfonium center 
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Figures. (+V-L-SAM inhibition of PNMT. Redprg 
plots with (->i^SAM as the variable substrate. AssuL 
conditions were outlined in the Experimental SectlcS 
except (-V-LrSAM concentration, 3.3-63.0 [{-)£ 
SAM- l *CH, ° 0.05 nCi]. Di^^enylethanolairuiie^ 
centration, 1.0 mM. Vel = nmol of product/mg off 
protein/min. Points represent averages of duplicat 
nana tions. it . 

Chart L Possible Configurations of the Sulfonium^giJ 
of IrSAM* 



4 



' CH, 



9 b = r CH,CH 1 CH(NH, )CO x H (b); R, • 6'*der} 
Absolute configurations of sulfonium center are 
Arrow denotes predetermined approach of an — * 
ically bound nucleophUe. 



;CO* 



methyl group, however, does not appear to ad 
enzymatic binding, since (+)-LrSAM is a pof 
of these enzymes. 

Conclusion 

We have attempted in this study to de 
specificity of COMT, PNMT, HMT, and fflO 
configuration at the sulfonium center of the — 
L-SAM. Earlier Btudies 7 " 11 have shown that ' 
and HIOMT utilize only R-L-SAM as arm 
not the corresponding (+)-L-S AM. In this si 
confirmed these findings for COMT, HMT, 
and, in addition, have shown that PNMT exh 
preference for the (-) isomer of L-SAM as a 
With PNMT, (+)-L-SAM showed no methyl? 
properties. 

Of primary concern in this study was to de 
. (+)-irSAM was inactive as substrate because; 
bind to the enzyme or if it was inactive beca 
ometry offered by this configuration was undi 
methyl transfer to the acceptor substrate. To 
question we prepared pure (+)-L~SAM by 
resolution of (db)-L-S AM utilizing the substrate 
of COMT. This pure (+)-L»SAM was found to' 
inhibitor of COMT, PNMT, HMT, and HIO; 
observations deafly demonstrate that the em 
have a high affinity for (+)-L-SAM indicating 
configuration of the sulfonium center does ~ 
affect enzymatic binding. However, the co 
the sulfonium center of (+)-LrSAM must ben 
for methyl transfer, since this isomer shows 
ri/vno-Hwir oViflitS#*a. Shown in Chart I are the t., 
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amino acid moiety, is, depicted as. Ri and; the adenpsyl. 
moiety is depicted by :'Ra- In earlier studies from our' 
laboratory we have shown that there are functional groups'. 
(jUC j a ] for enzymatic binding on the amino acid, sugar, and 
^eportiaiifl of L-SAH 12 "*' and L-SAM. 8 Therefore,^- 
gould be expected that with functional groups onVtn?' 
fjn ino acid (Ri) and adenosyl portion (Ra) tightly bound- 
to the enzyme surface, the sulfonium center would not Be 
c2 pable of free rotation. La that case it fa not unreasonable, 
to find that only one of the two possible isomers ai^ , 
gulfonhim center serves as a methyl donor. The approach 
of the en^ymaticaUy bound nucleophfle (denoted 1 by arrows 
jp Chart I) would be predetermined, so that only if the 
uucleophile and methyl group are properly aligned would 
methyl transfer occur. Since (+)-l-SAM is enzymatically 
bound, it could be concluded that there exists sufficient 
ipace at this binding site to accommodate the "misplaced" 
©ethyl group, but not sufficient flexibility in the en- 
jyme-ligand complex to permit rotation of the sulfonium 
center into a configuration favorable for methyl transfer. 
In order to achieve a favorable configuration for methyl 
transfer in (+)-L-SAM, binding through functional groups 
in the amino acid (Rx) or adenosyl group (Rs) would have 
to be sacrificed. 
- The activity of (+)-l-SAM as an inhibitor of these 
I enzymes, yet its lack of activity as a methyl donor, is of 
I mbstantial interest, since it points out the fact that by a 
I itmple inversion of the configuration at the sulfonium 
I center of LrSAM, the potential for methyl donation is 
I completely lost, while at the same time little is sacrificed 
I b the way of enzymatic binding. These observations 
1 demonstrate the strict geometric requirements for the 
methyl-transfer reaction but, in addition, suggest that there 
tnsts some vacant space at the sulfonium binding site to 
accommodate a "misoriented" methyl group. 
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SAM, at least within physiologic ranges of homocysteine. 

Cellular methyltransferases that have been shown experi- 
mentally to be inhibited by SAH include catecholamine- O-meth- 
yltransferase (39), phosphatidylethanolamine methyltransferase 
(46), histono methyl transferase (18), DNA methyltransferase 
(18, 26, 47), tRNA and mRNA methyl transferases (48, 49), 
acctylserotonin methyltransferase (50), and histamine 
N-mcthyl transferase (51). The functional consequences of do- 
creased cellular methyl alien are significant and include central 
nervous system demyeli nation (52, 53), reduced neurotrans- 
mitter synthesis (39, 50), decreased chomotaxis and macro- 
phage phagocytosis (54, 551, altered membrane phospholipid 
composition and membrane fluidity (56, 58), altered gene ex- 
pression (23, 59, 60), and cell differentiation (61, 62). It is likely 
that the K L for SAH varies with different cellular methyltrans- 
ferases and also varies according to tissue priorities and sub- 
cellular methyltransferase distribution (63). Tissue levels of 
SAH reflect the balance between rate of synthesis and the 
direction of the reversible SAH hydrolase reaction (18). Intra- 
cellular SAH can be exported across the plasma membrane 
against a concentration gradient and appears to be carrier- 
mediated and largely unidirectional in lymphocytes (63). An 
increase in SAH has a positive regulatory influence on cysta- 
thionine 0 synthase (64) and methylenetetrahydrofolatc reduc- 
tase activities (65), and SAH has been shown to down-regulate 
rat liver betainc homocysteine methyltransferase and porcine 
kidney methionine synthase (66). Taken together, experimen- 
tal evidence supports a regulatory role for SAH in maintaining 
normal one-carbon metabolism. 

Tissue-specific gene expression depends on the stable inlier- 
itance of DNA methylation patterns established during crnbry- 
ogenesis. In differentiated cells, genes are silenced by promoter 
region methylation in a tissue-specific manner. Disruption of 
the nonrandom DNA methylation patterns can lead to inappro- 
priate gene expression and promotion of chronic disease (27, 
28, 52). Although most cells express genes required for the 
methionine remcthylation, not all cells express genes for the 
transsulfuration pathway. For example, spleen, adrenal, lung, 
testes, and heart tissue exhibit negligible cytathionine /9 syn- 
thase activity (67). Thus, tissues lacking appreciable transsul- 
furation activity might be expected to bo most sensitive to 
increases in SAH and effects on cellular methylation. Of re- 
lated interest, inactivating mutations in the adonosino deami- 
nase gene lead to severe combined immune deficiency and 
profound lymphocytopenia. Although the adenosine deaminase 
enzyme is ubiquitous in cells, the unique sensitivity of lympho- 
cytes may be partly explained by the lack of transsulfuration 
pathway and increased sensitivity to SAH. Consistent with this 
notion, resting lymphocytes have been shown to turnover SAM 
at a rate 3-5 times higher than that estimated for most non- 
hepatic tissues (68). Further, lymphocyte DNA hypomethyla- 
tion was recently documented in women undergoing controlled 
folate depletion (69, 70). Taken together, these observations 
suggest that global hypomethylation in lymphocyte DNA may 
be an early biomarker of abnormal methylation in other tis- 
sues. Further, the correlation between plasma homocysteine 
and DNA hypomethylation suggests an indirect mechanism for 
homocysteinc-relotcd disease pathology. 

In the present report, the increase in plasma total homocys- 
teine was highly correlated with a parallel increase in SAH; 
however, no apparent association with SAM was observed. The 
increase in plasma SAH was also associated with a progressive 
increase in lymphocyte DNA hypomethylation. It is important 
to emphasize, however, that the relationship between tissue 
levels of SAM and SAH and plasma levels of these metabolites 
is complex and that the tissue-specific origins of plasma SAM 



and SAH are not known. Interestingly, a modest but significant 
decrease in plasma methionine levels was associated with the 
increase in homocysteine. The ratio of the homocysteine to 
methionine may provide a sensitive clinical biomarker for 
agents or conditions that compromise methionine synthase 
activity. For example, a decrease in methionine is consistent 
with the reduction in metliionine synthase activity because of 
reduced availability of 5-methyltetrahydrofolate. Nutritional 
folate deficiency has been associated with a decrease in methi- 
onine levels (72)* and would be expected to decrease the me* 
tluonine/homocysteine ratio. This ratio may also be useful in 
the differential diagnosis of genetic aberrations in cytathionino 
0 synthase and MTHFR genes. Both conditions are associated 
with elevations in tHcy but have opposite effects on methio- 
nine. Thus, the ratio would be expected to increase with cyta- 
thionine 0 synthase deficiency and to decrease with MTHFR 
deficiency. 

The lack of correlation between SAM and DNA hypomethy- 
lation would suggest that SAM is not a limiting factor for the 
DNA methyl transferase, at least within physiologic ranges. 
However, low levels of SAM are clearly associated with up- 
regulation of the MTHFR enzyme to divert 5,10-methyl- 
enetetrahydrofolate toward methionine synthase and its own 
resynthosis (73). Therefore, rather than an effect on DNA 
methylation, low SAM levels may have a greater regulatory 
impact on DNA synthesis by diverting 5,10-methylenetetrahy- 
drofolato away from de novo thymidine and purine synthesis. 
The ability to measure plasma levels of SAM and SAH sensi- 
tively and reproducibly should provide new insights into the 
dis regulation of one carbon metabolism in humans. 

Acknowledgment — We thank Dr. James D. Finkel stein for in Rightful 
comments and suggestions. 

REFERENCES 

1. Finkelstein, J. D. U998) Bur. J. Pediatr. 157, S40-S44 

2. Fowler, B. ( 1997) J. Inherited Metab. Dis. 20, 270-285 

3 Wagner, C. (1995) in Folate in Health and Disease (Bailey. L. B.,ed) pp. 23-42, 

Marre) Pekker, New York 
4. Ore en, R_, and Miller, J. W. (1999) Semin. HematoL 36, 47-64 

6. Pietrzak, K., and Bronainip, A. (1998) Eur. J. Pediatr. 167, S185-S138 

0. Bailey, L. B. f and Gregory. J. F., Ill (2000) J. Nulr. 180, (suppl.) 779 -782 

7. Cravo, M. L., Gloria, L. M., Solhub, J., Nadeau, M. R, Cam i In, M. E., Resende, 

M. P. t Cardoso, J. N., Leitao. C. N.. and Mira. F. C. (1996) Am. J. CUn. Nutr. 
63,220-224 

8 Bailfiy, L. B., and Gregory, J F., m (2000) J. Nutr. 180, (suppl ) 919-922 

9 Carmody, B. J., Arora. 5.. Avcna, R . Cosby. K, and Sidawy, A N. (1999) J. 

Vn*c, Sun 30, 1121-1127 

10. Dahon, M. I,., Gadson, P. P., Jr., Wrenn, R. W., and Rosonquist, T. H. (1997) 

FASEBJ. 11, 703- 711 

1 1. Koch, H. O., Goebcler, M., Marquardt, T., Roth, J„ nad Harms. E. (3998) Eur. 

J. Pediatr. 157,S102-nS106 

12. Robinson. It, Gupta, A., Dennis, V.. Arbeart, K., Chaurihary, D., Green, R, 

Vigo, P., Mayer, K. L., Selhub, J., Kutner, M., and Jarobaen, D. W. (1996) 
Circulation 94. 2743-2748 
18. Eekoa, T. K. (1998) Nutr. lieu. 56, 236-244 

14. Mills. J. I... Seott, J. M. Kirke. P. N.. McPurtHn. J. M., Conley. M. R, Weir, 

D. G„ Molloy, A. M , and Lee, Y. J. (1996) J. Nutrition 126, S756-S760 

15. James. S. Pogribnn, M. Pogribny. I. P.. Melnyk, S., Hine, R. J., Gibson, 

J. B., Yi. P., Tofoyu, D. L.. Sweason, D. K. WiUon. V. L., and Gaylor, D. W. 
(1999) Am. J. Clin. Nutr. 70s, 495-501 

16. Kapusta, L., Haagmans, M. L. M., Steegers, E. A. P., Cuypers, M. H. M., Blom, 

H. J., and Eakea, T. K. A. B. (1999)./. Pediatr. 135, 773-774 

17. Chiang, P. K, Gordon, R K, Tal, J., Zens, G. C, Doctor, B. P., Psriaaaaradhi, 

KL, and MeCann, P. P. (1996) FASEB J. 10, 471-480 

18. Hoffman. D. R., Cornatzer, W. E., and Duorre, J. A. (1979) Can. J. Bioclutm. 57, 

56-65 

19. Rartomski N., Kaiifmann, C, and Dreyer. C. (1999) MoL Riot Cell 10, 

4283-4298 

20. Hu, Y.„ Komoto, J.. Go mi, T.. Ogowa, H., Takata, Y., Fujioka, M„ and 

Takueagawa, F. (1999) Biochemistry 38, 8323-8333 

21. Cantoni, C. I* (1985) Prog. Clin. Biol. Res. 198, 47-65 

22. Hoffman, D. R, Marion, D. W„ CornotBcr, W. E., and Duerro, J. A (1980) 

J. BioL Chan. 255, 10822-10327 

23. Chiang, P. K. (1998) Pharmacol Tfwr. 77, 115-134 

24. Duerre, «T. A., and Briske-Anderson. M (1981) Biochim. Biophya. Acta 678, 

275—282 

26. Kredith, N. M.. and Hewhfiald, Ml S. (1979)7»roc. NatL Acad. Set. U. S. A. 76, 
2400-2454 

26. Cox, R., Prescott, a. find Irving, C. C. (1977) Biochim. Blophye. Acta 474, 
493-499 



PAGE 16750 • RCVD AT 10/18/2004 1:17:29 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/1 • DNI8:8729308 * C8ID:4256410880 



• DURATION (mm-ss):70.04 



Sent by: Rolland Hebert 



4256410880 



10/18/04 10:38:41AM 



Page 1 7 of 50 




Plasma SAH and DNA Hypomethylation 
A 



29321 



S 

o 

I 

X 

S 
ft 



Plasma SAH (nM) 

FIG.' 3. Plot of Individual values for plasma and intracellular 
lymphocyte SAH (r = 0.81; p < 0.001). 

indicated a significant positive correlation between plasma and 
intracellular SAH concentrations (r = 0.81; p < 0.001). 

Relationship between Mean Plasma SAM and SAH Concen- 
trations and Lymphocyte DNA Methylation — The plasma SAH 
concentrations and relative levels of DNA methylation were 
compared between the women with normal levels of plasma 
tHcy and the women with elevated plasma tHcy. The level of 
DNA hypomethylation is defined as the extent of [ 5 H]dCTP 
incorporation into DNA after treatment with the methyl-sen- 
sitive restriction enzyme, Hpall, that cuts DNA leaving a gua- 
nine overhang at un methylated recognition sites (33). An in- 
crease in radiolabel incorporation reflects the increased 
number of unmethylated cystosines in DNA. In Fig. 4, a plot of 
the individual values of plasma SAM and SAH, respectively, 
are correlated with the extent of lymphocyte DNA hypometh- 
ylation. Regression analysis indicated a significant positive 
> association between SAH and DNA hypomethylation (r = 0.74, 
p < 0.001); however, there was no apparent correlation be- 
tween DNA hypomethylation and SAM values. In fig. 5, the 
mean SAH values are shown to be increased 2-fold, and DNA 
hypomethylation increased 2. 6- fold in women with elevated 
tHcy (range, 9.3-16.6 **m) relative to women with normal tHcy 
(range, 5.8-8.7 pu). 

DISCUSSION 

In recent years, a decrease in the ratio of SAM/SAH has been 
used frequently as a predictor of reduced cellular methylation. 
In these studies, the decrease in SAM has been emphasized as 
a limiting cofactor for methyltransferase activity and the major 
effector of the reduced ratio (36-38). However, earlier studies 
of alterations in SAM/SAH using nitrous oxide, SAHH inhibi- 
tion, or cell lines from genetically deficient fibroblasts clearly 
demonstrated that an increase in SAH, with or without a 
decrease in SAM, was the more important variable in predict- 
ing methyltransferase inhibition and a decrease in cellular 
methylation (24-26, 39, 40). For oxamplo, a decrease in SAM/ 
SAH ratio in the presence of an increase or no change in SAM, 
but significant increase in SAH, was reproducibly associated 
with hypomethylation and decreased methyltransferase activ- 
ity (22, 23, 26, 42). It is possible to induce an independent 
decrease in SAM without a concomitant increase in SAH by 
genetic or chemical inhibition of methionine adenosyltrans- 
ferase. Under these conditions, SAM becomes severely depleted 
below the K m of most methyltransferases and has resulted in 
DNA hypomethylation (43) and central nervous 6ystem demy- 
elination (44). It is questionable, however, whether physiologic 
decreases in SAM, such as those induced by nutritional defi- 
ciencies, are causally related to cellular hypomethylation. It is 
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Fig. 4. A, plot of individual values for plasma SAH and lymphocyte 
DNA hypomethyiotion (r = 0.74; p < 0.001). B t plot of individual values 
for plasma SAM and lymphocyte DNA hypomethylation. 
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Fro. 5. Comparison of the mean values of plasma SAH and 
DNA hypomethylation (means =t S.D.) In women with plasma 
tHcy concentrations between 5.8 and 8.7 uM and in those with 
tHcy concentration*] between 9.8 and ISM uM. *, p < 0.05; ** f p < 
0.01. 

important to recognize that the use of tho SAM/SAH ratio as a 
predictor of altered cellular methylation can, in fact, be quite 
misleading and that evaluation of alterations in individual 
components may bo more informative. For example, it has boon 
shown that identical decreases in SAM/SAH ratio are condi- 
tionally associated with reduced methylation capacity depend- 
ing on the absolute value of SAH (45). 2 Consistent with this 
concept, the results presented here suggest Uiat an increase in 
SAH, secondary to an increase in homocysteine, is more strongly 
correlated with DNA hypomethylation than aro alterations in 

- S. J. James, personal observations. 
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- Table J 

Plasma levels of homocysteine, methionine, SAH, a7id SAM in 
indimdnals with normal (5.8-B.7 fiMj and elevated (9.3-16.6 i±m) 
levels of plasma homocysteine 



Normal tHcy 



Etovatod tHey 



mean * S.D., n ■= 28 mean ± S.D.. n — 30 



Homocysteine (^M) 
Methionine (*tM) 
HomocyHttfinfi/methionine ratio 
SAM (nM) 
SAH(nM) 
SAM/SAH ratio 



7.26 ± 1.11 
38.80 - 9.71 

0.20 ± 0.05 
79 90 ± 8.81 
20.00 ± 5.55 

4.43 ± 3.48 



12.80 ± 1.82* 
26.80 ± 6.26* 

O.frO ± 0.17* 
76.41 ±6.18 
40.10 ± 12.5* 

2.40 ± 1.28* 



* p < 0.001 as compared to group with normal homocysteine. 

and a pressure of 100-110 kgfifam" (1500-1800 psiV Lllcy, methionine, 
SAM, and SAH were quantified using a model 5200A Couloehem U 
electrochemical detector (ESA, Inc.) equipped with a dual analytical cell 
(model 5010) and a guard cell (model 6020). Methodologic details have 
been described previously (32). 

Lymphocyte Global DNA Methylation Using Cytosine Extension As- 
say — Assessment of lymphocyte DNA methylation was accomplished 
using the cytosine extension assay previously described in detail (33). 
Briefly, — 1 ug of genomic DNA was digested for 16-18 h with 20 units 
of //pall according to manufacturer's protocol (New England Biol aba, 
Beverly, MA). A second DNA aliquot served as background control and 
was similarly incubated without addition of restriction enzyme. The 
single nucleotide extension reaction was performed in a 25-/il reaction 
mixture containing 0.5 jig of DNA, lx polymerase chain reaction buffer 
II, .1.0 dim MgCl.j, 0.25 units of AmpliTaq DNA polymerase fPorkin- 
Elmcr), and 0.1 *d of l*H|dCTP <57.4 Ci/mmol, NEN Life Science Prod- 
ucts), incubated at 56 °C for 1 h, and then placed on ice. Duplicate 10-uI 
aliquot* from each reaction were applied onto Whatman DE-81 ion 
exchange filters and washed three times with 0.5 M sodium phosphate 
buffer (pH 7.0) at room temperature. Filters wore dried and processed 
for scintillation counting in 10 ml of Ultima Gold (Packard Bioscience 
Co., Meriden, CT). Background radio label incorporation in untreated 
samples is subtracted from enzyme- treated samples, and the results are 
expressed as relative l J HJdCTP incorporation/0.5 jjg DNA. 

Statixlico— Data are presented as the means ± S.D. Statistical dif- 
ferences between means were calculated using the Student's I test and 
Sigmastat software Monde) Scientific, San Rafael, CA>. 

RESULTS 

Mean Plasma Concentrations of Methionine, SAM, and SAH 
in Women with Normal and Elevated tHcy Concentrations — In 
Table I, moan values for plasma homocysteine, methionine, 
SAM, and SAH are shown as a function of fasting plasma tHcy 
levels in the 5ft participants. The women were stratified by 
tHcy based on previously published normal ranges for adult 
females (34, 35). In this cohort, women with tHcy ranging from 
5.8 to 8.7 u,m (moan, 7.26 ± 1.1) wore designated to be within 
the "normal" range of tHcy and women with tHcy ranging from 
9.3 to 18.5 /im (moan, 12.3 ± 1.82) were designated as having 
"elevated* tHcy concentrations. Among the women within the 
normal range of tHcy, the mean plasma SAM concentration 
was 79.9 ± 8.81 nM, the mean SAH concentration was 20.0 ± 
5.55 nM, and the SAM/SAH ratio was 4.43 ± 1.48. Among the 
women with elevated tHcy, plasma methionine concentrations 
were significantly decreased, and the ratio of tHcy/methionine 
was significantly increased relative to the women within the 
normal tHcy range (p < 0.001). Elevated plasma tHcy was not 
associated with an alteration in SAM levels, but SAH levels 
were increased 2-fold relative to women with normal tHcy, and 
the SAM/SAH ratio was decreased by one-half (p < 0.001). 

Relationship between Plasma Homocysteine and Plasma Lev- 
els of SAM, SAH, and Methionine — Fig. 2A is a plot of the 
individual values of plasma tHcy and the corresponding 
plasma methionine values. Fig. 2B is a similar plot showing the 
relationship between plasma tHcy and SAH for each partici- 
pant, and Fig. 2C shows the relationship between plasma tHcy 
and SAM. A modest but significant negative correlation was 
found between plasma tHcy and methionine (r = 0.50; p < 
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Fig. 2. A, plot of individual values for plasma tHcy and methionine 
for each participant (r = 0.50; p < 0.O1). plot of individual values for 
tHcy and SAH (r = 0.73; p < 0.001). C, plot of individual values of tHcy 
and SAM. 

0.01). Increasing concentrations of plasma tHcy were strongly 
associated with increased concentrations of plasma SAH (r = 
0.73; p < 0.001), whereas there was no apparent relationship 
between plasma SAM and tHcy. A strong negative correlation 
was found between tHcy and the ratio of SAM/SAH (r = 0.73, 
p < 0.01; data not shown); the decrease in SAM/SAH ratio was 
due to the increase in SAH in all cases. 

Relationship between Plasma SAH and Intracellular Lym- 
phocyte SAH— Intracellular SAH concentration was deter- 
mined in extracts of fresh lymphocytes isolated from a subset of 
the participants. Fig. 3 is a plot of individual plasma SAH 
concentration and the corresponding intracellular lymphocyte 
SAH concentration for each individual. Regression analysis 
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Fig. .1. An overview of one-carbon 
metabolism with emphasis on the re- 
versible SAH hydrolase reaction <3>. 
The hydrolysis of SAK is dependent on 
product removal of homocysteine and 
ode nosi cio. in the absence of efficient 
product removal, SAH accumulation can 
inhibit mo thy 1 tra as Co rase activity by high 
affinity bindiug to the enzyme active site. 



THF 



6CH,THF 




Methyl Acceptors: dna, rna, huno«#s 

phosphatidylcholine, neurotransmitters 



AMP 



Cystathionine 
B6 j 

Cysteine 
Glutathione 



Inosine 



Methionine adenoeyftransferaae 
Methyltransterases (MTase) 
SAH Hydrolase 
Cystathionine Beta Synthase 
Methionine Synthase 
Betalne-homocyatelne MTase 
Adenosine Deaminase 
Adenosine Kinase 



Under normal physiologic conditions, SAH is hydrolyzed by 
SAHH to adenosine and homocysteine. It is important to note, 
however, that this reaction is readily reversible with equilib- 
rium dynamics that strongly favor SAH synthesis rather than 
hydrolysis. In fact, the only reason that this reaction proceeds 
in the hydrolytic direction is efficient product removal (21). 
Thus, metabolic perturbations that interfere with the efficient 
removal of homocysteine and adenosine will load to an increase 

' in SAH (22). The existence of multiple routes of removal for 
both these metabolites is consistent with the necessity for 
efficient product removal to avoid SAH accumulation and the 
potentially negative consequences of methyl transferase inhibi- 
tion (1, 23). Homocysteine can be methylated to regenerate 
methionine in all cells by the folate/B ^-dependent methionine 
synthase reaction and additionally by the bctaine-hnmocys- 
teine melhy I transferase reaction in liver and kidney of humans 
i 1). A third route of homocysteine removal is the irreversible 
pyridoxal phosphate-dependent transsulfuration pathway in 
which cystathionine /3 synthase and lyase reactions perma- 
nently remove homocysteine from the methionine cycle. Aden- 
osine can be efficiently removed by cither the adenosine deami- 
nase reaction or the adenosine kinase reaction. Experimental 
studies have shown that analog inhibition of these pathways or 
genetic deficiencies in these enzymes results in SAH accumu- 
lation and potent inhibition of methyltransferases (24-26). 

In the present report, using a sensitive new method for 
measuring plasma concentrations of SAM and SAH, we show 
for the first time that modorate elevation in plasma total hom- 
ocysteine concentration is positively associated with parallel 
increases in plasma SAH concentrations and lymphocyte DNA 
hypomethylation. These data support an indirect mechanism 
for homocysteine pathogenicity secondary to SAH-mediated 

. inhibi tion of the DNA methyltransferasc. The disruption of the 
heritable methyl a tion patterns in DNA can lead to alterations 
in chromatin structure and alterations in gene expression that 
can promote chronic disease states (27-30). 

MATERIALS AND METHODS 

Re ii#enl a — SAM , SAH, trichloroacetic acid, sodium phosphate mono- 
basic, monuhydrate, and 1-hcptanesulfonic acid were obtain cd from 
Sigma. HPLC grade methanol was purchased from J. T. Baker Inc. 
(Phillisbnrg, N.T). Deionized HPLC-grade water for HPLC was prepared 
by passage through a Syrboo/Barustcd NAN Op u re II filtration system 
(Boston, MA) and subsequent passage through a C ja Sep-Pak cartridges 
(Millipore Corp., Milford, MA). 

Subjects and Blood Collection — Participants were 58 healthy adult 



females with a mean age of 37.2 years (range, 19-53 years) who had 
participated in a previous clinical study (1.5). Fasting blood samples 
were collected into EDTA-Vacutniner tubes, immediately chilled on ice, 
and centriftiged at 400 x g for 15 min at 4 *C. Aliquots of the plasma 
layer were transferred into multiple cryostat tubes and stored at 
-20 °C until analysis. Individual aliquots were thawed for determina- 
tion of plasma homocysteine, methionine, SAM, and SAIL DNA was 
extracted from the cell pellet, using standard rJiloroform/pbenoI meth- 
odology (31). In a subset of women, mononuclear cells were immediately 
isolated by carefully layering whole blood onto an equal volume of 
Histopaque* 1077 (Sigma) at room temperature and centrifuging at 
400 X g for 30 min. Mononuclear cells were recovered from the interface 
and washed several times as described by the manufacturer, and ali- 
quots of approximately 10° cells were homogenised in 200 ul of phos- 
phate-buffered saline. The homogenaie was ccntrifuged. at 18,000 X g 
for 1 min, and the supernatant was stored at — 80 *C until HPLC 
analysis. 

Sample Preparation — For determination of total bomucytiteine 
(tllcy) and methionine, 50 ul of freshly prepared 1 .43 M sodium bom- 
hydride solution containing 1.5 uM EDTA, 66 mM NaOH, and 10 pi of 
»-amyi alcohol were added to 200 ul of plasma or cell homogenate. After 
gentle mixing, the solution was incubated in 40 °C water bath for 30 
min with gentle shaking. To precipitate proteins, 250 ul of ice-cold 10% 
me to-phosphoric acid was added, and me sample was incubated for 10 
min on ice. After centrifugation at 18,000 X g for 15 min at 4 a C. the 
supernatant was filtered through a 0.2-/1 in filter (PGC Scientific, 
Frederick, MD), and a 20-pl aliquot was injected into the HPLC 
system. For determination of SAM and SAH, 40 u) of 40% trichloro- 
acetic acid were added to 200 ul of plasma or cell extract to precipitate 
protein, mixed well, and incubated on ice for 30 min. After centrifu- 
gation for 15 inin at 18,000 X g at 4 °C, supernatants containing SAM 
and SAH were passed through a 0.2- urn filter, and 20 ul was injected 
into the HPLC system. 

HPLC Chromatography — The elution of homocysteine and methio- 
nine utilized a different mobile phase than that used for elution of SAM 
and SAH; however, both analyses were accomplished using HPLC with 
a Shimadzu solvent delivery system (ESA model 580) and a reverse 
phase C ia column (5 urn; 4.6 X 150 mm, MCM, Inc., Tokyo, Japan) 
obtained from ESA, Inc. (Chelmsford, MA). A 20-ul aliquot of plasma or 
cell extract was directly injected onto the column using a Beckman 
a utos ampler (model 507E). To assure standardization between sample 
runs, calibration standards and reference plasma samples were inter- 
spersed at intervals during each run. For elution of homocysteine and 
methionine, the mobile phase consisted of 50 mM sodium phosphate 
monobasic monohydratc, 1.0 mM ton-pairing reagent octane sulfonic 
acid, 2% acetonitrile (v/v> adjusted to pH 2.7 with 85% phosphoric acid, 
with isocratic elution at ambient temperature at a flow rate of 1.0 
ml/min and a pressure of 120-140 kgffcm* (1800-2100 psi). For elution 
of SAM and SAH, the mobile phase consisted of 50 mM sodium phos- 
phate monobasic, monohydratc, 10 mM 1-heptanosulfonic acid, 7.6% 
(v/v) methanol adjusted to pH 3.4 with 85% phosphoric acid, with 
isocratic elution at ambient temperature at a flow rate of 1.0 ml/min 
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